1. Introduction {#sec1}
===============

For a number of years, major public health concerns have been raised regarding the hazards posed by population ageing, especially the prevalence of hyperglycemia (high blood glucose) and diabetes \[[@bib1], [@bib2], [@bib3]\]. There are several critical issues to be considered in accessing these hazards, including obesity, poor diet, and physical inactivity, as well as a host of negative health problems that associated with osteoporosis, heart disease, stroke, neuropathy, and kidney disease \[[@bib4], [@bib5], [@bib6]\]. Moreover, the presence of diabetic foot implies the relationship of inflection with high content glucose \[[@bib7]\]. Thereby, the global trend of aging population increases the demand for biomaterials, which have to face enormous challenge to be implanted in the patients with hyperglycemia and diabetes.

Artificial biomaterials include metals, polymers and ceramics and their composites \[[@bib8],[@bib9]\]. Particularly, inert metals, such as stainless steels and titanium alloys \[[@bib10]\], have high mechanical strength and corrosion resistance, which are predominately used as orthopedic implants. However, magnesium (Mg) and its alloys with a density below 2 g/cm^3^ are biodegradable and have a close elastic modulus to bone \[[@bib11]\]. Thus, Mg and its alloys as next generation biodegradable metallic implant have been extensively investigated in recent decades \[[@bib12], [@bib13], [@bib14], [@bib15]\], especially with their unique ability to proliferate the differentiation and growth of human osteoblasts \[[@bib16], [@bib17], [@bib18]\]. Mg is the 4th most abundant cation in human body. The total body contains 21--28 g Mg for an average 70-kg adult. Mg deficiency has been involved in the diseases of diabetes, hypertension and so on.

In our previous study, we systematic investigated *in vitro* degradation of pure Mg in response to glucose \[[@bib3]\]. Our finding indicated that the degradation rate of pure Mg was decreased with increasing glucose content in Hank\'s solution due to transformation of glucose into gluconic acid, which gluconic acid can coordinates Ca^2+^ ions in Hank\'s solution and thus form Ca--P layer on the sample surface. Furthermore, high glucose concentration lower degradation and pH value more.

On the other hand, the introduction of an implant in the body is always connected with the risk of bacterial infection, particularly for the fixation of open-fractured bones and joint-revision surgeries \[[@bib19],[@bib20]\]. Bacterial infections represent significant hurdles in the management of both surgical and traumatic wounds and contribute considerably to increased morbidity and mortality, regardless of the source or location. The significance of this problem is underscored when one considers that orthopedic implant-related infections occur in nearly 112,000 human patients annually and create a \$2 billion burden for the US healthcare industry \[[@bib21]\]. Early implant failure is commonly associated with certain strains of bacteria. The most common bacteria, involved in these types of infections, include: streptococci, anaerobic Gram positive cocci, and anaerobic gram negative rods \[[@bib22]\]. Therefore, bacterial-induced corrosion or degradation of the implanted metals becomes a major concern.

Magnesium is the molecular key that can activate many important enzymes responsible for various biochemical reactions in living cells, which is regarded as one of the intracellular bulk elements and involved in enzyme catalysis \[[@bib23], [@bib24], [@bib25]\]. Moreover, Mg is one of the major cell components of bacteria, which predispose the Mg surface to microbial attachment and growth \[[@bib26]\]. Unfortunately, few studies have focused on the significant influence of microbial ingress to biodegradation of Mg alloys *in vitro.* Zhu et al. \[[@bib27]\] suggested that sulfate-reducing bacteria (SRB), a kind of anaerobic bacteria predominantly living in soil and water, play an important part in the corrosion process of the AZ91D Mg alloy. In presence of SRB, pitting corrosion occurs on the sample surface, leading to a change in stress distribution and stress concentration. As a result, SRB promotes the severe drop in the residual strength by corrosion induced microbiological activity. As the first basic step to investigate the degradation behavior of biomaterials, *in vitro* experiment should be carried out in simulated body fluids (SBF), i.e. Hank\'s solution, in order to save time and reduce cost. Normally, the *in vitro* corrosion evaluation of biomedical Mg alloys has been performed in laboratory without any sterilization treatment in open air. Hence, it is possible for all kinds of bacteria to adhere and grow on Mg alloys that leads to microbiologically influenced corrosion (MIC), especially for a longer immersion without any solution refreshing.

Generally, the MIC of Mg alloys is often ignored due to anti-bacterial function of Mg ions and alkaline environment during the degradation of Mg alloys in immersion test. On the cases of MIC, bacterial biofilm may form on Mg surface and can be a possible threat to Mg deterioration \[[@bib28]\]. Moreover, the acidic metabolite of bacteria may neutralize the basic corrosion products of the Mg substrate in the immersion medium. In this work, we set out to systematically assay interaction between Mg alloys and microorganism measuring the condition of Mg surface, and identifying bacteria community or colony in Hank\'s solution. On the other hand. To better understand the roles of glucose, as the major organic carbon source affecting bacterial activity, we characterized systemic experiments on the growth and classification of lab bacteria via 16S rRNA gene analysis, degradation behavior and mechanical performance of the alloy using glucose-free solution to elucidate the microbial degradation mechanism. In addition, attempts to reduce bacterial activity was also conducted.

2. Methods {#sec2}
==========

**Sample preparation.** The ingots of Mg--1Li--1Ca alloy with chemical compositions of 0.88 wt% Li, 1.12 wt % Ca, and balanced Mg were fabricated at the institute of Metals Research, the Chinese Academy of Sciences. The ingots were then extruded into sheets on an extrusion machine at an extrusion ratio of 15.7:1 and an extrusion rate of 22 mm/s. The mould and the ingots were heated up to the temperature of 430 °C and 400 °C, respectively.

**Immersion tests.** The Mg specimen was put in a beaker with Hank\'s solution. A funnel with scale was placed over the specimen, on which a polytetrafluoroethylene (PTFE) plate with *Φ* 20 mm through-holes was placed to ensure the collection of hydrogen and the back of the specimen exposed to the Hank\'s solution, which contains 8.0 g/L NaCl, 0.4 g/L KCl, 0.14 g/L CaCl~2~, 0.35 g/L NaHCO~3~, 1.0 g/L glucose (C~6~H~6~O~6~), 0.1 g/L MgCl~2~·6H~2~O, 0.06 g/L MgSO~4~·7H~2~O, 0.06 g/L KH~2~PO~4~ and 0.06 g/L Na~2~HPO~4~·12H~2~O at 37 ± 0.5 °C. A burette was mounted over the funnel and filled with the test solution. The volume of evolved hydrogen and solution pH value was simultaneously able to be measured per hour in the setup. The ratio of the specimen area to the solution volume was maintained at 45 mL/cm^2^. The pH values of the solutions were recorded by a pH meter (pH400 type).

**Surface analysis.** The electron probe X-ray microanalysis (EPMA, JXA-8230) was used to analyze the morphology and EDS of the corrosion product layer on the alloy surface. Also, the constituent of corrosion products was examined by means of X-ray diffraction (XRD, D/Max2500PC) and Fourier transformed infrared (FTIR, Nicolet 380).

**Fluorescence microscopy observation.** The Mg--1Li--1Ca alloy immersed in Hank\'s solution in specific time (1 h, 6 h, 24 h, 48 h, 96 h, and 144 h). Samples dried with cool air stream after immersion, sterilized with 5% glutaraldehyde for 1 h. Then these specimens washed with a sterile phosphate buffered saline (PBS) solution to remove the loosely attached bacteria, stained in the dark for 15 min with 0.1% DAPI, then observed the bacteria with Olympus BX51 fluorescence microscope.

**Tensile test.** Tensile sample machined by wire-electrode cutting were polished with silicon carbide papers from 150 grit to 1500 grit. The tensile tests were performed at a strain rate of 10^−3^/s under ambient temperature on an electronic universal testing machine (WDW-100). Each measurement was carried out in triplicate.

**Bacteria isolate.** Using Luria-Bertani (LB), Tryptic Soy Agar (TSA), Potato Dextrose Agar (PDA) and De Mann, Rogosa and Sharpe (MRS) five kinds medium to isolate bacteria. The magnesium coupons were immersed into the Hank\'s solution. After 2 days, the pH value of the solution became decrease. Spread 100 μL acidy Hank\'s solution on these five kinds medium plates. Place the plates in 37 °C incubator overnight. Then, streaking the plates to isolate individual colonies. Incubate the individual colonies on the agar plate to receive the pure strains. Dissolve the pure strains to 1 mL (about 1--2 × 10^\^9^ CFU/mL) bacteria suspension. The suspension was processed for DNA extraction using the TAKARA Bacterial Genomic DNA Extraction Kit Ver.3.0 according to manufacturer\'s protocols. Polymerase chain reaction (PCR) amplification of bacterial DNA. Then, using the *16S rRNA* method to identify the bacteria.

**Bacterial influenced immersion tests.** Culturing the isolated bacteria of Microbacterium hominis and Enterobacter xiangfangensis and using saline solution to dilute around 10^9^ CFU/mL. Then adding 1 mL bacterial suspensions to sterilized Hank\'s solution, respectively. All Mg--1Li--1Ca alloy samples were placed under UV irradiation for 30 min. Herein, the detailed immersion tests were similar to previous immersion tests.

3. Results {#sec3}
==========

3.1. Influence of glucose in Hank\'s solution on pH and HER {#sec3.1}
-----------------------------------------------------------

Hydrogen evolution rate (HER) and pH values of Mg--1Li--1Ca exposed to Hank\'s solution at 37 ± 0.5 °C for 168 h are displayed in [Fig. 1](#fig1){ref-type="fig"}a. The change in HERs experienced three stages: it was lower at the initial immersion of 30 h, and subsequently climbed up during the immersion of 42 h, and then dripped slowly with extending immersion time. Interestingly, pH value of the solution has an initial increase during the first 3 h that corresponding to the conventional corrosion of Mg alloy. Generally, Mg is very active in Hank\'s solution. Once immersed in solution, the sample of Mg would dissolve and release a vast number of Mg^2+^ ions (reaction 1), alkaline hydroxyl anions and H~2~ gas (reaction 2), resulting in a quick rise in pH value. However, the pH value of the solution sharply decreased to 5.0 in the next around 72 h, and then rebounded due to the severe corrosion occurred gave rise to a rise in pH value. This scenario is tremendously different from the conventional immersion test of Mg alloys \[[@bib29]\]. Therefore, a further exploration was necessary to make sure the degradation mechanism.$$\left. \text{Mg~}{(\text{s})}\rightarrow\text{Mg}^{2 +}{{(\text{aq})} + 2\text{e}}^{-} \right.$$$$\left. {2\text{H}}_{2}{\text{O~}{(\text{aq})} + 2\text{e}}^{-}\rightarrow{2\text{OH}}^{-}{{(\text{aq})} + \text{H}}_{2}\uparrow \right.$$Fig. 1(a) Hydrogen evolution rate (HER) and pH values of Mg--1Li--1Ca samples immersed in presence of 1.0 g/L glucose in Hank\'s solution for 168 h at 37 ± 0.5 °C; SEM morphologies of Mg--1Li--1Ca after immersion in Hank\'s solution for different time: (b) 24 h, (c) 48 h, (d) 96 h, and (e) 168 h.Fig. 1

To present the surface situation of the substrate during immersion test, a series of SEM images at specific time (24 h, 48 h, 96 h and 168 h) have been illustrated in [Fig. 1](#fig1){ref-type="fig"} b-e and the energy dispersive spectroscopy (EDS) results of specific spectrum have been showed in spectrum (1)--(8). All samples were subjected to corrosion with cracks at different levels. As shown in [Fig. 1](#fig1){ref-type="fig"}b, a small amount of rod-like precipitates formed on the sample surface. With time extended to 48 h ([Fig. 1](#fig1){ref-type="fig"}c), numerous rod-like particles deposited on the entire surface with deep and wide cracks, forming incomplete biofilm on Mg substrate. When immersion time was prolonged to 96 h ([Fig. 1](#fig1){ref-type="fig"}d), irregular product covered on the surface along with biofilm collapsed. After soaking for 168 h ([Fig. 1](#fig1){ref-type="fig"}e), the amount of rod-like particulates declined on the substrate.

The EDS results ([Table 1](#tbl1){ref-type="table"}) are conduced to confirm the species (i.e. bacteria) in [Fig. 1](#fig1){ref-type="fig"}b--e. The primary elements formed on Mg--1Li--1Ca surface after immersion in different time are quite diverse. The predominant components of Spectrum \#1 and 2 were Mg, O and C, in addition to trace amounts of Ca and P that mainly came from corrosion products. However, after 48 h of immersion, Spectrum \#3 exhibits high percent of C, N and trace of S. C demonstrates the presence of carboxyl (-COOH) groups in gluconic acid from the transformation of glucose \[[@bib3]\], amino acids and other species (C--N etc.); N designates the presence of amino (-NH~2~) group of amino acids; whereas S only existed in two amino acids: cysteine and methionine \[[@bib30],[@bib31]\], indicating that a large amount of bacteria colonies were attached to the sample surface. Spectrum \#4 has the similarly composition with Spectrum \#3, but displays higher percent of S element and none N element, which implies that the bacteria colonies inhomogeneous covered on the sample surface. It is also near in this stage HERs were remarkably increased and pH values were sharply decreased due to enhanced bacterial metabolic activity. After immersion for 96 h (Spectrum \#5 and 6), the Ca and P contents considerately improved, implying that more Ca--P compounds were deposited on the sample surface, which were in accordance with SEM results that more rod-like bacteria colonies appeared and became indistinct. When the immersion time was prolonged to 168 h, rod-like bacteria colonies seemed visible again. The content of N in spectrum \#8, lower than that of spectrum \#3, revealed that bacterial activity still influences the degradation process.Table 1EDS analysis data of Mg--1Li--1Ca alloy immersed in Hank\'s solution in [Fig. 1](#fig1){ref-type="fig"} in wt.% (at. %).Table 1ElementsSpectrum\#1\#2\#3\#4\#5\#6\#7\#8Mg85.8572.045.5933.184.485.054.974.18(79.92)(62.11)(3.37)(24.98)(3.18)(4.75)(3.93)(2.88)C3.769.7836.1414.7828.1813.6215.6430.49(7.09)(17.08)(44.02)(22.54)(40.46)(25.90)(24.75)(42.00)O8.1513.9232.0040.6136.3019.0043.5932.99(11.54)(18.24)(29.26)(46.47)(39.11)(21.14)(51.74)(34.08)P1.051.782.84--6.9619.6514.899.29(0.77)(1.20)(1.34)--(3.88)(14.48)(9.12)(5.00)Ca0.921.401.953.157.1423.2218.6412.64(0.52)(0.73)(0.71)(1.44)(3.07)(13.23)(8.85)(5.22)Na----0.890.817.73--1.341.35(0.57)(0.64)(5.80)--(1.11)(0.97)Cl----0.796.208.8813.500.920.98(0.33)(3.21)(4.31)(8.70)(0.49)(0.46)S----0.451.270.320.43--0.16(0.21)(0.72)(0.17)(0.3)--(0.08)N----19.34--------7.92(20.20)--------(9.35)

[Fig. 2](#fig2){ref-type="fig"} depicts fluorescence microscopy and corresponding bacterial adhesion in percent area of Mg--1Li--1Ca samples immersed in Hank\'s solution for 1 h, 6 h, 24 h, 48 h, 96 h and 144 h. The activity of bacterial attachment, growth, reproduction and biofilm formation can be seen from the immersion test. Most of the bacteria were monomer and local bacterial colonies were attached after immersion in 1 h ([Fig. 2](#fig2){ref-type="fig"}a). Then, a dynamic process occurred approximately from 6 to 48 h ([Fig. 2](#fig2){ref-type="fig"}b--d) that bacteria inhomogeneously agglomerate together, with extracellular polymeric substances (EPS), to form biofilm on the sample surface. The percent of bacterial adhesion area was increased to 33.59% ± 3.69% ([Fig. 2](#fig2){ref-type="fig"}g). The result is attributable to that the adequate oxygen and nutrients (i.e. glucose) make the bacteria activities strongly, which produced more bacteria metabolites and contributed acidification tendency of the solution. It was noted that after 96 h immersion, the attached bacterial colonies ([Fig. 2](#fig2){ref-type="fig"}e) slightly increased, but then it dropped from 144 h ([Fig. 2](#fig2){ref-type="fig"}f). This implies that after approximately 96 h immersion, microbial growth has gone decline. Accordingly, bacterial adhesion in percent area was decreased from 35.18% ± 5.85%--26.39% ± 5.28% ([Fig. 2](#fig2){ref-type="fig"}g).Fig. 2Fluorescence microscopy (a--f) and corresponding bacterial adhesion in percent area (g) of Mg--1Li--1Ca alloy immersed in Hank\'s solution with the presence of 1 g/L glucose for (a) 1 h, (b) 6 h, (c) 24 h, (d) 48 h, (e) 96 h and (f) 144 h.Fig. 2

[Fig. 3](#fig3){ref-type="fig"} shows tensile stress-strain curves (a) and tensile mechanical properties (b) of Mg--1Li--1Ca substrate after immersion in Hank\'s solution for 0 days, 1 d, 2 d, 4 d and 7 d. The alloy exhibited the highest ultimate tensile strength (UTS) with a value of 181.5 ± 1.3 MPa. After an immersion in Hank\'s solution for 1 d, 2 d, 4 d and 7 d, UTS decreased to 166.0 ± 5.2 MPa, 158.0 ± 4.2 MPa, 157.0 ± 9.1 MPa and 157.0 ± 5.0 MPa, respectively. The yield strength (YS) was significantly reduced after immersion for 1 d due to the attached bacteria, while moderately decreased after 2 d, 4 d and 7 d immersion. The elongation (EL) to failure of the alloy was 13.2 ± 0.4%. After immersion, EL decreased to 8.2 ± 0.9% (1 d), 6.9 ± 0.3% (2 d), 7.0 ± 1.2% (4 d), 6.8 ± 0.7% (7 d). That is, toughness of the alloy markedly declined with time. This finding might be ascribed to hydrogen brittle or [delayed hydride cracking](http://www.tnmsc.cn/paper/paperView.aspx?id=paper_307919){#intref0010} \[[@bib32],[@bib33]\].Fig. 3Tensile stress-strain curves (a) and tensile mechanical properties (b) of Mg--1Li--1Ca substrate after immersion in Hank\'s solution for 0 d, 1 d, 2 d, 4 d and 7 d.Fig. 3

XRD patterns of Mg--1Li--1Ca substrate before and after immersed in the solution for 168 h is shown in [Fig. 4](#fig4){ref-type="fig"}a. In addition to the dominant peaks corresponding to α-Mg phase, some peaks at approximately 2*θ* = 18, 38° correspond to the wide diffraction peaks of amorphous Mg(OH)~2~. It is noting that the peaks (2*θ* = 28, 31, 70°) of Mg~2~Ca phase disappeared after the immersion due to Mg~2~Ca phase acted as an efficient anode with lower potential for hydrogen evolution \[[@bib34]\]. FTIR analysis ([Fig. 4](#fig4){ref-type="fig"}b) was further carried out to verify the effect of bacteria activity in the corrosion process. Typically, the solution within immersed Mg--1Li--1Ca substrate was also studied. The sharp but weak peak at 3700 cm^−1^ corresponds to Mg--OH stretching vibrations. The broad absorption band at around 3300 cm^−1^ is attributed to OH or N--H \[[@bib35]\]. The band at about 2929 cm^−1^ can be ascribed to the bending vibration of C--H of CH~2~ in fatty acids \[[@bib36],[@bib37]\]; whereas the bands at 1737 cm^−1^ and 1654 cm^−1^ can be related with the stretching vibration of C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O in nucleic acids and amide I \[[@bib38]\]. The characteristic band at 1419 cm^−1^ can be assigned to the stretching vibration of COO^−^ ions due to transformation of glucose into glucose acid \[[@bib3]\]and the component of amino acids \[[@bib39]\]. Moreover, the absorption around 1053 cm^−1^ and 565 cm^−1^ are typical for PO~4~^3−^ ions, designating the formation of phosphoric acid product. In Hank\'s solution, the band at around 1567 cm^−1^ and 1249 cm^−1^ originates from amide II and amide III \[[@bib40]\], which is the combination of C--N bending and N--H bending in proteins or amino acids. In a word, It further demonstrates the existence of bacterial activity.Fig. 4(a) XRD patterns of Mg--1Li--1Ca substrate before and after immersion in Hank\'s solution for 168 h. (b) FTIR spectra of (I) Hank\'s solution and (II) Mg--1Li--1Ca sample immersed in Hank\'s solution for 168 h.Fig. 4

To better understand the effect of bacteria activity and biofilm adhesion, XPS analyses were performed for the sample surface immersed in Hank\'s solutions for different times (1, 2, 4, 7d). The results are in good agreement with the aforementioned FTIR results. C 1s and N 1s spectra of the samples are presented in [Fig. 5](#fig5){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"} and respectively. The C 1s spectra of the sample which immersed 1 d ([Fig. 5](#fig5){ref-type="fig"}a) can be split into three peaks. The peaks can be attributed to C--C, CO and C-(O, N) bonds \[[@bib41]\]. The new peak at 289.2 eV was observed that can be associated with the --COOH, which replace the peak related to the CO bond after immersed 2 d ([Fig. 5](#fig5){ref-type="fig"}b), revealing the transformation of glucose into gluconic acid \[[@bib42]\], which is the carbon resource of bacteria. What\'s more, a new peak at 285.6 eV is can be associated with the C--N group after immersed 4 d ([Fig. 5](#fig5){ref-type="fig"}c). This indicates that microbial metabolites exert a considerable influence after active growth and reproduction in 2 d.Fig. 5XPS analysis of Mg--1Li--1Ca surface after immersion in Hank\'s solutions for various periods. C 1s spectra for (a) 1 d, (b) 2 d, (c) 4 d and (d) 7 d.Fig. 5Fig. 6XPS analysis of Mg--1Li--1Ca surface after immersion in Hank\'s solutions for various periods. N 1s spectra for (a) 1 d, (b) 2 d, (c) 4 d and (d) 7 d.Fig. 6

[Fig. 6](#fig6){ref-type="fig"}a--d demonstrates the curves fits of N 1s spectra for the samples after immersion in Hank\'s solutions for various periods. The N 1s spectra of 1 d ([Fig. 6](#fig6){ref-type="fig"}a) is split into two peaks. The peak at 399.1 eV can be assigned to the C--N bond. The peak at 400 eV can be attributed to the --NH~2~ bond. However, three peaks were observed at 401.1 eV that could be attributed to the -N-CO group after immersed 2 d ([Fig. 6](#fig6){ref-type="fig"}b). The presence of N, does not contain N element in Hank\'s solution, further implies the existence of bacterial activity on Mg surface during *in vitro* experiment. XPS results revealed that the biofilm formed on the magnesium alloys was composed of EPS and clusters of bacteria cells. The large proportion of C--O bonds in the C 1s spectra were believed to arise from extracellular polysaccharides, which are major components of EPS \[[@bib43]\]. Additionally, the transformation from --CO to --COOH may be an important factor of pH unusual acidification process and further affect the corrosion mechanism.

After the above discussion, we know that microorganisms enormously influence the degradation behavior of the magnesium in Hanks\'s solution. Therefore, microbial community diversity in immersion solution based on metagenomics was performed. The dominant members of the bacteria community that pollute the Hank\'s solution were identified using *16S rRNA* method ([Fig. 7](#fig7){ref-type="fig"}f). The bacteria include the genera Pseudomonas (54.08%), Paenibacillus (16.58%), Anaerobacter (6.70%), Flavobacterium (3.63%), Rhizobium (3.53%), Bacillus (3.03%), Anaerosinus (2.39%), Azomonas (2.16%), Azospirillum (1.53%), and the other (6.37%). On the other hand, Strains *Gordonia terrae* NBRC 100016 ([Fig. 8](#fig8){ref-type="fig"}a), *Pseudomonas stutzeri* ATCC 17588 ([Fig. 7](#fig7){ref-type="fig"}b), *Microbacterium hominis* IFO 15708 ([Fig. 7](#fig7){ref-type="fig"}c), *Enterobacter xiangfangensis* DSM 14472 ([Fig. 7](#fig7){ref-type="fig"}d) and *Bacillus nealsonii* DSM 15077 ([Fig. 7](#fig7){ref-type="fig"}e) five kinds of bacteria extracted from the immersion solution via spread plate and streak plate methods.Fig. 7Bacteria isolated from the immersion solution, identified by 16S rRNA gene analysis. (a) *Gordonia terrae* NBRC 100016, (b) *Pseudomonas stutzeri* ATCC 17588, (c) *Microbacterium hominis* IFO 15708, (d) *Enterobacter xiangfangensis* DSM 14472, (e) *Bacillus nealsonii* DSM 15077 and (f) Distribution of the most abundant genera in the samples.Fig. 7Fig. 8(a) The pH values and (b) hydrogen evolution rate (HER) of Mg--1Li--1Ca samples immersed in Hank\'s solution (medium containing glucose) and glucose-free Hank\'s solution (medium without glucose).Fig. 8

Notably, there are two kinds of acid-producing bacteria *Microbacterium hominis* IFO 15708 and *Enterobacter xiangfangensis* DSM 14472. Both of them can consume glucose etc. to produce acidic metabolites \[[@bib44], [@bib45], [@bib46]\]. Hank\'s solution with 1 g/L glucose was used *in* this *vitro* experiment. It is hypothesized herein that glucose could be the reason for acidification of solution and the organic carbon resource of bacterial activity. Therefore, investigations in Hank\'s solution without glucose were carried out to make a fully understanding of this mechanism.

3.2. Investigations in glucose-free Hank\'s solution {#sec3.2}
----------------------------------------------------

[Fig. 8](#fig8){ref-type="fig"} illustrates pH values and hydrogen evolution rate (HER) of Mg--1Li--1Ca samples in Hank\'s solution with and without glucose. As previously discussed, pH values in Hank\'s solution with glucose ([Fig. 8](#fig8){ref-type="fig"}a) firstly increased and decreased to around 5.0, and then continuously increased, which can be ascribed to the acidic metabolites resulted from bacterial activity. Interestingly, it is in glucose-free Hank\'s solution that the pH value slightly rose in the first day\'s immersion and then maintained a stable alkaline environment. Simultaneously, HER in glucose-free Hank\'s solution ([Fig. 8](#fig8){ref-type="fig"}b) marginally increased, and then keeps a slow decrease and finally static tendency corresponding to its pH value. Differently, HER in the presence of glucose in Hank\'s solution was low first and then rapid increased, attributing to the formation of severe acidic metabolites caused by bacterial activity. The larger amount of hydrogen released can be seen in chemical reaction (3). With the extension of immersion, HER decreased with bacterial apoptosis. Thus, glucose in Hank\'s solution provides the major energy sources for bacterial activity. The formation of acidic bacterial metabolites markedly promoted the degradation rate of the Mg--1Li--1Ca alloy in Hank\'s solution.$$\left. {\text{Mg~}{(\text{s})}\  + \ 2\text{H}}^{+}\rightarrow\text{Mg}^{2 +}{{(\text{aq})} + \text{H}}_{2}\ \uparrow \right.$$

The SEM morphologies of Mg--1Li--1Ca samples in glucose-free Hank\'s solution for different time (24, 48, 96, 168 h) are displayed in [Fig. 9](#fig9){ref-type="fig"}. As shown in [Fig. 9](#fig9){ref-type="fig"}a, the samples were subjected to corrosion and a layer of corrosion products with cracks formed. After immersion in 48 h ([Fig. 9](#fig9){ref-type="fig"}b), corrosion products with more randomly distributed spherical particles were observed on sample surface. With the extension time to 96 h ([Fig. 9](#fig9){ref-type="fig"}c), corrosion products deposited on the surface inhomogeneously. While it lasted up to 168 h ([Fig. 9](#fig9){ref-type="fig"}d), an thick and dense layer of bacterial colonies was completely covered on the sample surface. Surprisingly, small bacterial colonies might exist.Fig. 9SEM morphologies of Mg--1Li--1Ca after immersion in glucose-free Hank\'s solution for different time. (a) 24 h, (b) 48 h, (c) 96 h, (d) 168 h.Fig. 9

The corresponding EDS analyses, listed in [Table 2](#tbl2){ref-type="table"}, can identify the existence of bacteria. In the first immersion time of 96 h (Spectrum \#1--6), Ca and P elements are unevenly distributed on the sample surface, which in raised part such Spectrum \#3, 6 have higher concentration, disclosed Ca--P corrosion products discretely formed on sample surface. It was not until 168 h immersed in free-glucose Hank\'s solution that the N element was detected (Spectrum \#7--8), indicating that the absence of glucose in Hank\'s solution retarded the activity of bacterial. A trace of S element was also detected on the sample surface (Spectrum \#1, 5 and 6). Furthermore, Ca and P contents were relatively uniform on the sample surface, which might relate to bacterial activity, which promoted the formation of calcium phosphate products. In comparison, the content of S and N element presented significantly lower than in Hank\'s solution with 1 g/L glucose ([Table 1](#tbl1){ref-type="table"}), indicating the inhibition of bacterial activity under glucose-free condition.Table 2EDS analysis data of Mg--1Li--1Ca alloy immersed in glucose-free Hank\'s solution in [Fig. 9](#fig9){ref-type="fig"} in wt.% (at. %).Table 2ElementsSpectrum\#1\#2\#3\#4\#5\#6\#7\#8Mg47.1768.484.5280.4179.079.4820.538.47(79.92)(60.58)(3.61)(74.85)(72.61)(9.03)(20.15)(7.48)C--7.3211.704.433.42--------(13.10)(18.89)(8.35)(6.37)--O23.4715.4746.859.1213.0338.8526.7943.91(34.84)(20.80)(56.79)(12.91)(18.18)(56.23)(39.96)(58.18)P5.773.8014.332.711.8119.7114.5614.24(4.43)(2.64)(8.97)(1.98)(1.31)(14.76)(11.21)(9.74)Ca18.503.7218.732.881.9525.3817.1917.24(10.96)(2.00)(9.06)(1.63)(2.05)(14.69)(10.22)(9.14)Na0.810.491.87----2.728.795.59(0.83)(0.45)(1.58)----(2.75)(9.12)(5.15)Cl4.080.722.000.450.513.6510.956.17(2.73)(0.44)(1.09)(0.29)(0.32)(2.38)(7.34)(3.68)S0.22------0.110.21----(0.16)------(0.08)(0.16)N------------1.184.38------------(2.00)(6.63)

[Fig. 10](#fig10){ref-type="fig"} depicts the FTIR spectra and XRD patterns of Mg--1Li--1Ca substrate after exposure to glucose-free Hank\'s solution for different time. In FTIR spectra ([Fig. 10](#fig10){ref-type="fig"}a), the peaks of Mg--OH, O--H, CO~3~^2−^ and PO~4~^3−^ were observed on the sample surface, without organic components, such as CO, COO-, N--H, revealed that bacterial activity was substantially decreased. Different from in Hank\'s solution, the XRD results ([Fig. 10](#fig10){ref-type="fig"}b) in glucose-free Hank\'s solution showed that more Ca--P corrosion products are deposited on the sample surface. It is noting that the intensity of DCPD (CaHPO~4~·2H~2~O) was highest in 1d immersion. Afterwards the intensity of DCPD decreased in 2 d and 4 d immersion, but enhanced in 7 d, which is good agreement with the EDS analysis.Fig. 10FTIR spectra (a) and XRD patterns (b) of Mg--1Li--1Ca substrate after immersion in glucose-free Hank\'s solution for different time (1 d, 2 d, 4 d and 7 d).Fig. 10

[Fig. 11](#fig11){ref-type="fig"} designates the curves fits of C 1s spectra for Mg--1Li--1Ca samples after immersion in glucose-free Hank\'s solutions for various periods (a) 1 d, (b) 2 d, (c) 4 d and (d) 7 d. When immersion for 1 d ([Fig. 11](#fig11){ref-type="fig"}a), the C 1s spectra can be divided into three peaks: C--C is detected at around 284.3 eV, C--O can be found at 285.1 eV and the other relatively weak signal of --COOR (288.4 eV) may be attributed to bacterial metabolites \[[@bib47]\]. In addition to C--C, C--O and --COOR group, a new peak after immersion for 2 d ([Fig. 11](#fig11){ref-type="fig"}b) at 284.6 eV was observed that associated with C-(O, N) group \[[@bib48]\]. However, when immersion time prolonged to 4 d ([Figs. 11](#fig11){ref-type="fig"}c) and 7 d ([Fig. 11](#fig11){ref-type="fig"}d), the peak of C-(O, N) group was disappeared. This indicates that the bacterial activity is very active at 2 d immersion.Fig. 11XPS analysis of Mg--1Li--1Ca surface after immersion in Hank\'s solutions without glucose for various periods. C 1s spectra for (a) 1 d, (b) 2 d, (c) 4 d and (d) 7 d.Fig. 11

This part mainly focuses on the roles of glucose in the degradation of Mg alloys to make sure the factors that caused abnormal acidification in Hank\'s solution. According to the above results, it will not lead to acidification of solutions without glucose, but the emerge of bacterium latter should not be neglected.

3.3. Influence of Microbacterium hominis and Enterobacter xiangfangensis in Hank\'s solution {#sec3.3}
--------------------------------------------------------------------------------------------

The hydrogen evolution rates (HER) and pH values vs. immersion time curves of the samples with two kinds of acid producing bacteria in Hank\'s solution are displayed in [Fig. 12](#fig12){ref-type="fig"}. It was confirmed that the bacteria activity acidifies the Hank\'s solution. They all showed the pH value decrease during the immersion test. Due to the different kinds of bacteria competed in the Hank\'s solution, the pH value of Hank\'s solution has different low points to the others. But the acidy solution accelerated magnesium corrosion rates.Fig. 12The pH values (a) and hydrogen evolution rates (b) of Mg-1Li-Ca samples immersed in Hank\'s solution with two kinds of acid producing bacteria.Fig. 12

[Fig. 13](#fig13){ref-type="fig"} shows Mg--1Li--1Ca samples immersed in Hank\'s solution ([Fig. 13](#fig13){ref-type="fig"} a1\~a4), Hank\'s solution containing about 10^9^ CFU *M. hominis* ([Fig. 13](#fig13){ref-type="fig"} b1\~b4) and Hank\'s solution containing about 10^9^ CFU *E. xiangfangensis* for different corrosion stages (24 h, 48 h, 96 h and 168 h). Microbiologically-influenced corrosion occurred on Mg alloys at ambient temperature in laboratory. Bacteria can be found in the magnesium surface after immersed 24 h in the Hank\'s solution ([Fig. 13](#fig13){ref-type="fig"} a1) and Hank\'s solution containing *E. xiangfangensis* ([Fig. 13](#fig13){ref-type="fig"} c1). Bacteria adhered the samples surface after Mg alloys samples immersed in Hank\'s solution containing *M. hominis* ([Fig. 13](#fig13){ref-type="fig"} b1) after 48 h. The corrosion pits grew quickly when pH value became lower. After 48 h of immersed in Hank\'s solution, a number of bacteria adhered to the Mg alloys surface. Because amount of bacteria multiply metabolism, the bacteria and their EPS formed the biofilm on the Mg alloys surface. At 168 h, due to the consumption of nutrients and unsuited acidic condition, parts of the bacteria biofilm fell off from the Mg alloys surface.Fig. 13The SEM images of Mg--1Li--1Ca immersed in Hank\'s solution (a1\~a4); Hank\'s solution containing Microbacterium hominis (b1\~b4); Hank\'s solution containing Enterobacter xiangfangensis (c1\~c4) for 24 h, 48 h, 96 h and 168 h.Fig. 13

The FTIR results of samples after immersion in Hank\'s solutions containing different bacteria are displayed in [Fig. 14](#fig14){ref-type="fig"} (a). And the FTIR results of Hank\'s solution containing different bacteria are demonstrated in [Fig. 14](#fig14){ref-type="fig"} (b). The absorption bands at 3726 cm^−1^ and 3463 cm^−1^ corresponding to O--H stretching vibrations. A band at approximately 3693 cm^−1^ corresponding to Mg--OH stretching vibrations revealed the existence of Mg(OH)~2~. The band at 2920 cm^−1^ can be ascribed to the bending vibration of --CH~2~ in fatty acids. The bands at 1737 cm^−1^ and 1650 cm^−1^ can be related with the stretching vibration of CO in nucleic acids and amide I. The absorption at 1438 cm^−1^ related to CO~3~^2+^ ions. The characteristic bands assigned to the stretching vibration of --CH~2~ are found at 1420 cm^−1^ and 1250 cm^−1^. Meanwhile, the absorption bands at 1036 cm^−1^,1053 cm^−1^ and 573 cm^−1^ are related to the PO~4~^3−^ ions.Fig. 14The Fourier transformed infrared (FTIR) result. (a) Mg--1Li--1Ca samples after immersion in Hank\'s solutions (168 h) containing different bacteria and (b) the Hank\'s solutions containing different bacteria.Fig. 14

4. Discussion {#sec4}
=============

In present work, the effects of glucose on unusual pH value for Mg--1Li--1Ca Mg alloy in Hank\'s and glucose-free Hank\'s solution were systematically investigated, respectively. The result exhibited that the abnormal acidification of Hank\'s solution for Mg--1Li--1Ca Mg alloy was caused mainly by bacterial activity. Bacterial activity in immersion test is an extremely complex process that is affected by many factors, such as, carbon resource \[[@bib49]\], temperature \[[@bib50]\], antibiotics \[[@bib51]\] and concentrations of electrolytes \[[@bib19]\]. Better understanding of the interaction between bacteria and Mg alloys is of significance. The developmental process of bacterial activity in immersion test can be summarized for three stages ([Fig. 15](#fig15){ref-type="fig"}), starting with surface attachment, followed by multilayered bacterial cell proliferation and finally extinction with immersion time. Firstly, a small quantity of germ germinates on the surface of magnesium with a few pits. Then glucose in Hank\'s solution nourishes the bacteria, and some bacteria use glucose to generate acidic products, which is confirmed by fluorescence microscopy in [Fig. 2](#fig2){ref-type="fig"}. It should be noticed that it has competitive relation between colonies of various bacteria with the acidic metabolite lower the pH value of Hank\'s solution ([Fig. 1](#fig1){ref-type="fig"}). In the second stage, an accumulated biomass of bacteria and their EPS formed biofilm on the Mg alloy surface at approximately 48 h, exerting significant influence to corrosion behavior of Mg alloys. The existence of germ is finally restrained by unsuited acidic condition in the third stage. Thereafter, pH value would be raised by the alkaline corrosion product of magnesium in the bacterial extinction stage. What\'s more, in order to better understand the function of glucose in bacterial activity, explorations were also conducted in Hank\'s solution without glucose. The results showed that it retarded the bacterial activity without acidification of pH value ([Fig. 8](#fig8){ref-type="fig"}) for glucose-free Hank\'s solution.Fig. 15Illustration of the corrosion mechanism of bacteria.Fig. 15

To ascertain sources of two kinds of acid producing bacteria, *Microbacterium hominis* IFO 15708 and *Enterobacter xiangfangensis* DSM 14472, we paid much attention to previous work. Kim et al. \[[@bib52]\] found that *Microbacterium hominis* IFO 15708 was isolated from salted turban shell. Gu et al. \[[@bib53]\] investigated that *Enterobacter xiangfangensis* sp. nov., was isolated from Chinese traditional sourdough. The origin of this bacterium is still unclear, but it is presumably derived from the distilled water polluted from air at high humidity environment (particularly in summer in the bath, which experience a long-term test).

On the other hand, the transformation of glucose into gluconic acid that lower pH value should not be neglected based on our previous studies \[[@bib3]\]. It unveils that pH value initial increase with the degradation of pure Mg, then markedly decrease to around 7.7 due to the transformation of glucose into gluconic acid, rise again and finally stabilize approximately 8.5. Glucose in Hank\'s solution with 1 g/L glucose changes the degradation behavior of pure Mg. In contrast, the significant decrease in pH value (5.0) of Mg--Li--Ca alloy, caused by glucose and polluted distilled water, is attributed to that glucose is transformed into gluconic acid and facilitates absorption of bacterial colonies on the sample surface during immersion test. Notably, lower degradation rate of pure Mg was obtained with increasing glucose concentration in Hank\'s solution, which ascribed to glucose acid coordinate with Ca^2+^ ions and thus form Ca--P compounds on Mg substrates. However, 1 g/L glucose in Hank\'s solution promotes degradation process of Mg--Li--Ca alloy, implying that bacterial activity is superior to glucose acid function.

Glucose in Hank\'s solution promote the bacterial activity and increase the degradation rate of Mg--1Li--1Ca alloy. As for mechanical properties ([Fig. 3](#fig3){ref-type="fig"}), it decreases in the former 2 d immersion and subsequent keeps almost stable, which related to corrosion products given protection to the samples. Towards this unusual degradation behavior of Mg alloys caused by bacterial activity, several strategies have been proposed to mitigate the interference of germ, including the use of antibiotic and the periodic renewal of Hank\'s solution. The attempt was displayed in [Fig. 16](#fig16){ref-type="fig"}. Renewed Hank\'s solution once a day with 1--1.7 mg/L gentamicin (a common board-spectrum antibiotic for cell culture) was trying to solve this problem. The growth of bacteria led to decreased pH value and acidification of solution, subsequently accelerating the degradation of Mg--1Li--1Ca alloy. The acreage of grey hatched area ([Fig. 16](#fig16){ref-type="fig"})represents the additional hydrogen evolution, which caused by the birth of bacteria. This difference of degradation rates between samples with and without antisepsis are remarkable. It shows that HERs keep a relatively low level with the corrosion of Mg alloys at initial 120 h, while the degradation of Mg would be rapidly accelerated in absence of glucose and renewal solution. Meanwhile, the regular renewal of Hank\'s solution would delay the occurrence of localized corrosion \[[@bib54]\]. Therefore, whether renewal solution with gentamicin is reasonable that still needs further exploration.Fig. 16The hydrogen evolution rates (HERs) and pH values of Mg--1Li--1Ca sample immersion in Hank\'s solution without antibacterial strategies and with gentamicin renewed every day.Fig. 16

There is a series of complete operational processes during the *in vivo* test to avoid the bacterial pollution in the field of medicine, and the application of antibiotics also lower the infection risk after implanting surgery, yet standard antimicrobial treatment typically fail to eradicate biofilms \[[@bib55],[@bib56]\]. Hydrogen evolution measurement and pH monitoring are conventional immersion tests for assessment the degradation rate of Mg implant because of their convenience and low expenditure \[[@bib57]\]. Under normal circumstances, the human body can remain in weak alkaline condition. While local physiological pH value may be adjusted to faintly acid in some case (such as trauma and inflammation), hence this conclusion may be also appropriate for *in vivo* condition. However, material researchers have not paid much attention to the potential influence of bacteria to the result of *in vitro* test. Besides, whether the method to solve the bacterial activity is reasonable is worth further exploring.

5. Summary {#sec5}
==========

This work reported that the microbiologically influenced unusual degradation behavior of biomedical Mg--1Li--1Ca alloy in immersion tests led to a decrease in pH value, acceleration in degradation rate and deterioration in mechanical properties. It is convinced that glucose in Hank\'s solution promoted the activities of both Microbacterium hominis and Enterobacter xiangfangensis through 16S rRNA gene analysis. Moreover, single seeded Microbacterium hominis grew faster than Enterobacter xiangfangensis in Hank\'s solution, which had a critical influence on degradation rate of Mg--1Li--1Ca alloy. Besides, our findings imply that a renewal solution with gentamicin might be beneficial in the eradication of bacterial adhesion and growth. Together, it enhances a growing understanding of the influence of bacterial metabolism on *in vitro* corrosion of Mg--1Li--1Ca alloy alloys and broadens our knowledge of *in vitro* degradation evaluation. Further investigations should be focused on the bacterial resource and systematic method to inhibit bacterial activity in Hank\'s solution for Mg alloys.

CRediT authorship contribution statement {#sec6}
========================================

**Ling-Yu Li:** Software, Formal analysis, Investigation, Data curation, Writing - review & editing. **Zhuang-Zhuang Han:** Methodology, Software, Formal analysis, Investigation, Data curation, Writing - original draft. **Rong-Chang Zeng:** Conceptualization, Supervision, Funding acquisition. **Wei-Chen Qi:** Conceptualization, Methodology. **Xiao-Fan Zhai:** Validation. **Yi Yang:** Validation. **Yun-Tian Lou:** Validation. **Tingyue Gu:** Supervision. **Dake Xu:** Supervision. **Ji-Zhou Duan:** Supervision.

Declaration of competing interest
=================================

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.

This work was supported by the 10.13039/501100001809National Natural Science Foundation of China (51571134) and Research Fund (2014TDJH104) of 10.13039/501100004295Shandong University of Science and Technology.

Peer review under responsibility of KeAi Communications Co., Ltd.
